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Through design and synthesis of a new series of dyad8 composed of 2,3-dimethoxynaphthalene as an
electron donor (D) and 2,3-dicyanonaphthalene as an acceptor (A) bridgeddrnpornadienen = 1—3)

we demonstrate an excellent prototype to switch the excited-state electron-transfer dynamics from an adiabatic
to a nonadiabatic procedsteveals a remarkable excitonic effect and undergoes an adiabatic type of electron
transfer (ET), resulting in a unique charge-transfer emission, of which the peak wavelength exhibits strong
solvatochromism. Conversely, upon exciting the donor moiety, a fast®energy transfer takes place for

II (~3ps)andll (=30 ps), followed by a nonadiabatic type, weak coupled electron transfer with a relatively
slow ET rate, giving rise to dual emission in polar solvents. Further detailed temperature-dependent studies
of the ET rate deduced reaction barriers of 2.7 kcal/moll{fpand 1.3 kcal/mol (fotll ) in diethyl ether and
CH.CI,, respectively. The results lead to a deduction of the reaction free energy and reorganization energy
for bothll (in diethyl ether) andll (in CH,Cl,). Theoretical (foll) and experimental (fdt andlll ) approaches
estimate the electronic coupling to be 860, 21.9, and 3.2 ¢ar I, Il , andlll , respectively, supporting the
adiabatic versus nonadiabatic switching mechanism.

1. Introduction due to its forbidden transition in character versus the neutral
. . . ) ground state. Numerous studies have been focusing on the D/A
Owing to its fundamental importance and prospect in ap- qyaqs jinked by either a rigid or flexible framework to study
plications, excited-state electron transfer has received muchyna associated PET proceséesnong which key issues regard-
attention, and the correspondlng. results have been collgcted mtqng through bond, through space, or structural tuning parameters
numerous book volumes and literatdrémong the various  paye been thoroughly examined to gain detailed insights into
relevant research directions, one fundamental issue lies in theyho associated mechanism/theory. In yet another approach

differentiation between adiabatic and nonadiabatic types of gy,dies have also been focusing on the optical electron transfer
electron transfer. A rather strong coupling between electron \ iih an aim to probe the solvent relaxation dynanficEhe

donor (D) and acceptor (A) may result in a great mixing between o mhination of these two stimulates us to propose the rational
two potential energy surfaces such that the electron transfer ISqesign of a series of simple-Ebridge-A systems so that the
essentially along the same potentigl energy surface in the excitedswitching from adiabatic (optical) to nonadiabatic (photoin-
state. Such an adiabatic process is commonly referred to as theyceq) electron transfer can be systematically fine-tuned. To
optical electron traqsfer. On the other hand, weak coupling _'eadsachieve this goal, we report herein the design of a series of D
to a small interaction of&kT (298 K) between the poterjtlal (2,3-dimethoxynaphthalene] (bridge)-A (2,3-dicyanonaph-
surfaces of reactant (D) and product (A), resulting in an yhajene) dyads, in which the adiabatic vs nonadiabatic electron
appreciable barrier along the electron-transfer process. ThiSyansfer, fine-tuned by the bridge units, is manifested by the
diabatic process is commonly defined as the photoinduced o makable changes in both spectroscopic and dynamic proper-
electron transfer (PE_T). Optlca] electrpn-Fransfer Process re-jas Comprehensive D/A coupling properties have been exam-
sponses concurrent with the optical excitation and the observedi,o4 via both experimental and theoretical approaches. The

relaxation dynamics are usually manifested by the solvent roq1ts render a prototypical model to facilitate the studies of
relaxation due to a large alternation in the dipolar vector, giving ,giapatic vs nonadiabatic electron-transfer reaction at both
rise to the emission solvatochromig@onversely, the relatively theoretical and experimental levels.

slow rate of PET may compete with other deactivation pathways
such as fluorescence, internal conversion, intersystem crossing2. Experimental Section
etc., such that dual emission, consisting of the donor fluores-
cence (assuming only donor being excited) andAD charge-

transfer emission, may be resolved. The emission intensity for
the latter case is normally weak and in most cases is irresolvable

Synthesis.The new series of D/A dyads-IIl , where D and
A represent 2,3-dimethoxynaphthalene (OMe-NP) and 2,3-
dicyanonaphthalenme (CN-NP), respectively, were synthesized
according to a synthetic route depicted in Scheme 1. The
norbornadiene (NBD) dimer and trimer were prepared through
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Procedure 1A mixture of a,0,0 o -tetrabromo-4,5-dimethoxy-
o-xylene® (0.50 g, 1.00 mmol), dienophile (NBD, NBD dimer,
ND trimer) (1.00 mmol), sodium iodide (0.90 g, 6.0 mmol),
and dry DMF (15 mL) was stirred at 65C for 24 h. The
reaction mixture was poured into cold water (70 mL) containing
sodium bisulfite (1.00 g). The yellow precipitate was purified
by chromatography (silica gel column, hexane:ethyl acetate
7:1) and finally by recrystallization.

Procedure 2A mixture of a,a,a,'-4,5-hexabroma-xylene
(2.5 g, 4.3 mmol), dimethoxy derivative (4.3 mmol), sodium
iodide (4.5 g, 30 mmol), and dry DMF (50 mL) was stirred at
65 °C for 24 h. The reaction mixture was poured into cold water
(350 mL) containing sodium bisulfite (5.0 g). The yellow
precipitate was purified by chromatography (silica gel column,
hexane:ethyl acetate 6:1) and finally by recrystallization.

Procedure 3A mixture of dibromo derivative (1.00 mmol),
cuprous cyanide (0.40 g, 4.0 mmol), sodium iodide (0.10 mmol),
and dry DMF (15 mL) was refluxed for 48 h under nitrogen

atmosphere. Then the reaction mixture was poured into a 15 =% ¥, =%, 2 —

wt % aqueous ammonia solution. The yellow precipitate was ) 4 T :
d energy. Taking a numerical derivative as shown in eq 1, we

filtered off, washed with ammonia solution and water, an
vacuum-dried. Chromatographic purification (silica gel column,
hexane:ethyl acetate 3:1) was followed by recrystallization
to obtain compoundk—Ill . Detailed characterization ofIlI

is elaborated in the Supporting Information.

Measurements. Cyclic voltammetry (CV) measurements

were performed using a BAS 100 B/W electrochemical analyzer.
The oxidation and reduction measurements were recorded,

respectively, in anhydrous GBI, and anhydrous THF solution
containing 0.1 M TBAPE as the supporting electrolyte, at the
scan rate of 100 mV3. The potentials were measured against
a Ag/Ag' (0.01 M AgNQ) reference electrode with a ferrocene

respectively. Pico- and nanosecond lifetime measurements were
performed using a time-correlated single photon counting
technique and a femtosecond optically gated system, respec-
tively, which have been described in previous rep6Fsr both

pico- and femtosecond time-resolved measurements, the polar-
ization of the pump laser was set at the magic angle {%4.7
with respect to that of the probe laser (or detecting system) to
eliminate the fluorescence anisotropy. A variable temperature
unit (Specac, P/N 21525) was used to carry out the temperature-
dependent studies, for which a range of temperatures from 300
to 77 K can be achieved with an accuracy460.2 °C.

Theoretical Approach. The dipole moment of the excited
state is calculated by TDB3LYP/6-31G* based upon B3LYP/
6-31G* geometny:® According to Hellmanr-Feynman theory,
the dipole moment is the analytic derivative of the energy of
the excited state with respect to an applied electric field. We
thus calculate the excitation energy and ground-state energy
upon applying the 0.001 au electric field from six directions
2). The excited-state energy in each direction
is calculated to be the excitation energy plus the ground-state

can obtain each direction of the excited-state dipole moment.

_EX — E(=x)

"= Ry — (9

@)

where E(x) is the excited-state energy in tixedirection and
F(x) is the applied electric field strength in tikalirection. The
calculations were carried out using GaussiaH03.

3. Results and Discussion

3.1. Optical Electron Transfer in |. Figure 1 depicts the

and ferrocenium couple as the internal standard. Steady-stateabsorption spectra of OMe-NP, CN-NP (see Scheme 1)) and
absorption and emission spectra were recorded by a Hitachi (U-in CH,Cl,. Though composed of both OMe-NP and CN-NP
3310) spectrophotometer and an Edinburgh (FS920) fluorometer,linked by norbornenel’s absorption spectral feature is com-
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Figure 1. Absorption spectra of OMe-NP-), CN-NP (- — —), and Figure 2. Emission spectra df in (0) cyclohexane, @) ethyl ether,
I (= =) in CHCL. (2) ethyl acetate, ¥) dichloromethane, and) acetonitrile. Inset:

. o Lippert’s plot ofl in the corresponding solvents (see text for the detail).
pletely different from that of the sum of the two individual Note that in the inset, an additional data point for tetrahydrofuran has
chromophores, i.e., OMe-NP and CN-NP. This is promptly been added.

viewed via the new spectral featuresl ah the region of 336

360 nm, which do not appear in the spectra of either OMe-NP 1.04
or CN-NP. The remarkable difference betwdesnd OMe-NP .

(or CN-NP) was also revealed in the emission spectra. |lg-CH % 084
Clz, OMe-NP and CN-NP exhibited a strong emission with the 5

peak wavelengths at 330 and 365 nm, respectively. In com- = 06
parison,| in CH,ClI, exhibited a drastically red-shifted fluores- §
cence maximized at 450 nm. Both absorption and emission T 044
spectra lead us to conclude that there exists a strong coupling g
between OMe-NP and CN-NP chromophores.ifthis absorp- z 024
tion phenomenon is reminiscent of a two-bond (bicyclo[2.2.1]- 00t

heptane) bridged naphthaleHein which the resonance (mo-
lecular exciton) splitting of the naphthaleh®&, — 2B, takes
place due to the through-space orbital overlap between two
naphthalenes. As a result, a significantly different absorption Figure 3. Emission spectra df in diethyl ether ), dichloromethane
profile was observed with respect to that of the single (O), and acetonitrile ¥). Zex ~ 330 nm. Note that for clarity, the
naphthalene unit. emission spectra have been normalized at 370 nm.

For the case of, in addition to the excitonic interaction, the cm™! is calculated forl. Accordingly, the change in dipole
two nonequivalent moieties, strategically designed as electronmoment between ground and excited states is further deduced
donor (OMe-NP) and acceptor (CN-NP), make the electron to be as large as 34.4 D fdr(see Supporting Information),
transfer facile due to the strong OMe-NP/CN-NP interaction. ascertaining the electron-transfer origin of the emission band.
This viewpoint can be firmly supported by the solvent-polarity- 3.2. Photoinduced Electron Transfer in Il. Upon elongating
dependent emission spectra depicted in Figure 2, in which thethe bridge distance, one would expect to see the decrease of
emission ofl exhibited strong solvent-polarity dependence, interaction/coupling between OMe-NP and CN-NP. We thus
being shifted from 380 nm in cyclohexane to 510 nm ing€H  strategically designed and synthesized compouhdsdllil ,

CN. That the entire emission originates from a common ground- in which the D/A distance has been stretched out by two and
state species is ascertained by the same fluorescence excitatiothree norbornadienes, respectively. Theoretical approaches have
spectra throughout the monitored emission wavelengths 6f400 estimated the center-to-center distances between the OMe-NP
600 nm, which are also effectively identical with the absorption and CN-NP to be 6.4, 10.8, and 13.9 A forll, and Il ,
spectrum. In comparison, the emission of OMe-NP (or CN- respectively. Note that as we pointed out earlier, our goal is to
NP) only revealed slight solvent-polarity independence, being differentiate the adiabatic versus nonadiabatic type of electron-
shifted from 329 nm (in gHiz) to 330 nm (in CHCN) and transfer reaction, and consequently to quantify the corresponding
361 nm (in GH12) to 365 nm (in CHCN) for OMe-NP and interaction. Normally, one of the benchmarks for the nonadia-
CN-NP, respectively. The results forcan be rationalized by  batic type of PET is a barrier induced by the weak coupling
the § — S; absorption manifested by a simultaneous electron- between locally excited (LE) and electron-transfer (ET) states.
transfer character incorporating electron donor (OMe-NP) and As a result, the rate of PET may be competitive with the
acceptor (CN-NP), resulting in large dipolar changes in either relaxation rate of the LE state, resulting in a dual LE and ET
magnitude or orientation. The nonequilibrated solvated config- emission. The latter emission is obscure in many PET molecules
uration is then subject to solvent relaxation and reaches andue to its transition forbidden character (vide infra). Aqgra
equilibrated solvation configuration. As shown in the inset in weak OMe-NP/CN-NP interaction is apparent because the
Figure 2, a Lippert plot for the emission peak frequency versus absorption spectra (not shown here) are identical with the sum
the solvent-polarity parameter functiaxf (=e — 1/2¢ + 1, ¢ of the absorption spectra of individual OMe-NP and CN-NP.
being the static dielectric constant of the solvent) rendered a Further firm evidence is given by the corresponding emission
sufficiently straight line, and a slope as large-&25500+ 750 spectra (Figure 3), in which dual emission was resolved among

350 400 450 500 550 600
Wavelength (nm)
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all the solvents studied. Details of the associated photophysicalTABLE 1: Emission Lifetimes and Pre-exponential Factors

parameters are listed in Table 1. As a prototypical example,
systemll revealed dual emission with peak wavelengths at 360
nm (R band) and 430 nm @gband) in, for example, diethyl

(in Parentheses) of +Ill in Various Solvents at 298 K and
the Temperature-Dependent Relaxation Dynamics in Diethyl
Ether (II) and Dichloromethane (lll) ( Aex ~ 320 nm}

ether. Although the Fhand revealed solvent independence, the ! Aemmaffim vins O
peak wavelength of thesfband is strongly affected by solvent gYCt'r‘]’hleﬁ?]”e 43%’ 5?73 g-fg
polarity, being red shifted from 430 nm in diethyl ether to 600 Elt?]ylyaceet;re 240 54 0.37
nm in CH;CN. Figure 4 reveals the relaxation dynamics ef F tetrahydrofuran 440 5.9 0.40
and F, bands forl in diethyl ether. The decay of the Bands dichloromethane 450 5.2 0.34
can be well fitted by two single-exponential components, these ~acetonitrile 510 6.3 0.24
being 150+ 25 ps and 10.Zc 0.2 ns (see Table 1). Conversely, r Jenfnm _temp/K lps NS Der
the F, band consists of a rise component of H/25 ps and a Gethvloth 360 208 150 (054 107 (026) 012
decay of 10.5+ 0.2 ns. The decay of 156 25 ps monitored ety ether 243 330 (()(.iS)) 96 (()(.é5)) ’

at the F band, within experimental error, is consistent with the 233 526(0.14) 8.0 (0.86)

rise (1754 25 ps) monitored at the,Foand, establishing a 223 640(0.16) 9.2 (0.84)
precursor-sater type of PET. Furthermore, the identical decay 213 885(0.16) 8.3(0.84)

203 998 (0.18) 10.7 (0.82)
component of~10 ns between the;fand k, bands leads us to 430 RT  175(036) 10.5(0.64)
conclude the establishment of equilibrium between the LE and gjichioro- 366 RT 43 (0.99) 8.7(0.01) 0.18
ET states foll in diethyl ether. As a result, the PET can be methane
described by a weak coupling between the LE and ET state - 505 RT 40.5¢0.12) 9.0(0.88) ,
(Scheme 2), with the associated time-dependent concentratiorfcetonitrile 636%7 RRTT _324 (0.92) 3?4 (0.08) 2510°
of locally excited [L*] and electron-transfer [E*] states expressed ]
ag? I den/iM  temp/K 7i/ns 2ns

diethyl ether 330 RT 0.03
Kiet 365 RT 11.3
LE ET dichloromethane
Kot 366 298 1.0
283 1.3
ko ke 263 1.4
243 1.6
223 1.9
203 2.4
¥ =[L*] 05 e+ a6 ) [EX] =[L4] JaE e + o5 535 RT 0.9 ¢0.35) 12.2(0.65)
acetonitrile 330 RT 0.04
o = Yix — Va L _ Y17 N Lo = o 366 RT 0.5
1 Y= Vs 2 V1= Vs 1 2 aNote that the experimental error for the fitted time constant and

Y V2= 71711 T,
A+ ve) £ e — ve)* &K Kd") @)

Y=Vt OLII* (r1— 72 =K T Kigt
Yer = V1~ ali (r1— 72 = Ker T K g

According to the much longer population decay time~dfO
ns forll in diethyl ether, it is reasonable to assukig,k—e >
k.+ kex, such that the equilibrium constag, can be expressed
as

o

L*
2

_ K _[E1]
Ko [L¥]

(t0) = 3)

Upon a best fit of the he Fcomponent (see Table 4. and

o5 were deduced to be 0.54 and 0.46, respectively, giving a
KeqValue of 1.18 in diethyl ether at 298 K. This corresponds to
a AG of —0.1 kcal/mol. Under the existence of a fast
equilibrium, the rate of population decay for both &d R
bands can be expressed agy H 1/t2 &~ Kiet + Koot = 6.6 X

1@ s™L. This, in combination with eq 3, renders 3x610° s™*

and 3.0x 10° s1 for the forward ki) and backwardk e
rates of PET at 298 K. Increasing solvent polarity leads to a
decrease of thejFntensity, indicating a faster PET process.

quantum yield is less thar20%.

(~30 ps) relaxation dynamics of;Hdecay) and F (rise)
components in either GI€Il, or CH;CN. Moreover, the reaction
predominantly favors the product (i.e., the ET state) in both
CH.Cl, and CHCN, as indicated by the ratie} /o > 99 in
both solvents.

One remarkable difference between the studied systdms (
andlll ) and most PET molecules so far is that the lowest lying
So—S1 energy gap for the electron acceptor, i.e., CN-NP, is lower
than that of the donor (OMe-NP). Because the emission of OMe-
NP strongly overlaps with the absorption spectrum of CN-NP
(see Figure 5), upon the excitation of OMe-NP, energy transfer
should take place from OMe-NP to CN-NP. If the energy-
transfer process is faster than the PET process, PET is essentially
from OMe-NP (HOMO) to the half-filled orbital of CN-NP
(HOMO) depicted in Scheme 3. Indeed, the steady-state
emission spectroscopy has confirmed this to be the case by
resolving solely the CN-NP LE band (370 nm) and the charge-
transfer emission, with the lack of OMe-NP emission (330 nm).
The rate of Fester type resonance energy transfefr), can
be expressed as

~9000(In 10¥°Q;,

N=——s
kF 128r,r°N,2°nyt

4

(1) = [ Fod) A" di (@)

where Qp is the quantum yield of donor (OMe-NP) in the

This viewpoint was supported by nearly system-response-limited absence of acceptor (CN-NRY, is the refractive index, which



12140 J. Phys. Chem. A, Vol. 110, No. 44, 2006 Chen et al.

0.9+ o
B 3000 IS
5
2500 2
<
0.6 . 2
- 20004 A
£ 200l
> - 300 320 340 360 380
’ﬁ = 15004 Wavelength (nm)
S <
L 0.3 %)
E 1000+
500
0.0 i 0 ) D
- T T T T T v T T 1
300 320 340 360 380 400

0|2 v Olo v 0|2 v Ol v 0|6 v O|8 v 1|0 v 1|2 v 1| v 1|6 Wavelength (nm)
-0. . . 4 . . . . 4 .

) Figure 5. Absorption (in terms of molar extinction coefficient) of CN-

time (ns) NP (dashed line) and emission spectrum of OMe-NP (solid line) in

Figure 4. Relaxation dynamics ofi in diethyl ether monitored at  dichloromethane. Note that the intensity scale of the emission spectrum
298 K at (A) 350 nm and (B) 550 nnie, ~ 270 nm. Note that with of OMe-NP is arbitrary and has been normalized at 350 nm with respect
best curve fitting, the fast decay of the 350 nm (150 ps) emission 0 the absorption spectrum. Insefp(4) ea(1)A* (M~ cn¥) versusi
correlates very well with the rise of the 550 nm emission (207 ps). (NM). The intensity ofp(2) has been normalized.
Both have population decay times of 10 ns.

SCHEME 3

SCHEME 2: Proposed Adiabatic (A, Compound 1) and LE emission ET wriagion
Nonadiabatic (B, Compounds Il and Ill) Types of i X T i
Electron-Transfer Reactiong

v ho " i f‘“\ﬂ oy —I—U g
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RS S i
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to CN-NP, as depicted in Scheme 3. Note that because the time
scale of the energy transfer is much shorter than that of the
PET reaction, the above kinetic derivations (e.g., eqs 2 and 3)
still hold valid for Il . Vice versa, only PET takes place upon
direct excitation (e.g.> 340 nm) of CN-NP, for which the PET
mechanism is essentially the same as that of OMe-NP excitation.
However, it is worthy to note that, limited by the excitation
source (266-270 nm, third harmonic of the Ti:Sapphire laser)

in this study, relaxation dynamics based on simultaneous
excitation of both D and A moieties is unavoidable.

ey

2%

So So We then made an attempt to calculate the thermodynamics
A B of the PET reaction fdr. For a weakly interacted PET process,
2Note that numbers presented in B are data obtained from Il in the associated free energy of reaction can be estimated by the
diethyl ether. Marcus-Weller equation, expressed as

is 1.35 and 1.42 in diethyl ether and &El,, respectivelyp _ _ _ _ _

is the lifetime of the donor in the absence of an accefef}) AG = Ey(D) ~ EredA) — Eop ~ (€4eccol)

is the corrected fluorescence intensity of the donor in the (€48meq) (L, + 1ir, )(1/9.0— 1/ey) (5)
wavelength rangé + A4, with the total intensity normalized

to unity, ea(4) is the extinction coefficient of the acceptor/at where Eq(D) and E{A) are the oxidation and reduction
andk is a factor describing the relative orientation in space of potentials of OMe-NP and CN-NP molecules, respectively,
the transition dipoles of the donor and acceptor. The spectral measured in dichloromethane (in this studyyo is the energy
overlap between OMe-NP (fluorescence) and CN-NP (absorp- of the 0-0 transition of the chromophore where PET takes place.
tion), is depicted in the inset of Figure 5. For systdimwe On the basis of the above argumeiy in eq 5 should
took k to be ~1 (cosine of the angle~0°) of the transition correspond to the-00 transition for CN-NP, which is calculated
dipole between D and A moietiesQp/tp is essentially to be 3.57 eVyp+ andra- are effective ionic radii, 9.0 ane;
equivalent to the radiative lifetime of the donor, which was denote the dielectric constant of @El, and solvent applied,
calculated to be 9.& 107 s71. In this caser is fixed to be the respectively, and. is the center-to-center distance between
center-to-center distance between D and A moieties, which is dimethoxynaphthalene and dicyanonaphthalene, which was
theoretically calculated to be 10.8 A for systéimAs a result, estimated to be 10.8 A on the basis of a geometry optimized
the rate of energy transfer was calculated to bex3 B! s71, structure (see Experimental Section). ValueEg{D), EredA)
which is much faster than the experimentally observed decay andEqy(CN-NP) were obtained to bel.4 eV,—2.05 andt+3.57
rate of the it band. We thus conclude that upon excitation of eV (347 nm) in CHCl,, respectively. An approximation was
OMe-NP, energy transfer takes place (to CN-NP) in a much further made o = rp+ = ra- = 4.5 A on the basis of the
faster manner, followed by the electron transfer from OMe-NP geometry optimized dicyanonaphthalene (or dimethoxynaph-
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1.0- 20 very good. Nevertheless, the long population decay time exists
s in any monitored emission, indicating the existence of equilib-
P rium throughout the temperature range of 3@00 K.
08 IS5 As for the kinetic approaches, either the decay dynamics of
E = the acceptor (i.e., thesand) or the rise dynamics of the ET
%' 50 band (the E band) can be monitored to extracte: (Or K—ef)
g 061 s For the case ofl in diethyl ether involving equilibrium, the
ﬁ 00035 00040  0.0045  0.0050 observed decay ratgps of the | band forll can be expressed
% 04 as (7) by solving eq 2 with the elimination of the square term
S 04
4
ko k. 4k o+ I(L* + kE* + (k+et_ kfer)(kL* - kE*)
024 bs +et —et 2 2(k+et + k—et)
(7
0.0- ' . : . : . : . of (k.* — keg*). Evaluation ofkeps can be simplified tdkops =
350 400 450 500 Kiet + ket by making the approximation that« and ke are
Wavelength (nm) small compared td-o: and kit in the range of temperatures
Figure 6. Temperature-dependent emission spectrél dh diethyl studied. This assumption should be valid due to the few tens to
ether at 293 KNi), 283 K @), 273 K (a), 263 K (¥), 253 K (%), 243 hundreds of picoseconds of the PET time scale, which is much
K (0) 233 K @) 223 K (A) 213 K (V). Aex: 330 nm. Inset: KT faster than the approximately few nanoseconds of the decay

versus 1T_for Il in diethyl ether. A corresponding best linear fjt gives time for both the LE and ET states. As a resllts can be
AGT and intercept to be 2.Z 0.3 kcal/mol and 29.4, respectively. extracted fromkops = Kiet + k_er and the equilibrium constant

thalene). With all of the values substituted into eq 5, the free obtained from

energies for PET were calculated to be exergonic in diethyl ether L
(—0.9 kcal/mol), CHCI, (—6.2 kcal/mol), and CBCN (—9.8 K = k+_et= ]
kcal/mol). It is important to note thatAG value of—0.9 kcal/ M Ke oab
mol deduced from eq 5 is consistent with the establishment of

equilibr.ium (AG ~ —0.1 kcal/mol) resolved from the relaxation  Tpe inset of Figure 6 depicts a straight-line plot forks{/?)
dynamics. S , versus 1T in diethyl ether forll . The slope and intercept give

To gain further insight into the PET dynamics, we then he pET barrier £G*) 2.7 + 0.3 kcal/mol. BecausAG has
performed temperature-dependent studies af diethyl ether  paen experimentally resolved to b@®.1 kcal/mol (vide supra),
(see Table 1). The use of diethyl ether is simply due to the fact ) .45 thus be extracted by solvidgs* = (AG + A)%44 with
that the associated rate of PET fbiis slowest among the three  yown AG*H andAG. The resultingl value (12.5 kcal/mol) for
solvents applied and hence can be fitted precisely via our | iy giethyl ether is then plugged into the intercept term in eq
picosecond time-resolved system. At the high-temperature g 15 deduce dHel value of 21.9 cm?, which is apparently
regime., a temperature-dependent electron-transfer kate much smaller than the thermal energy at 2984200 cnT?),
according to the Marcus theory of electron transfecan be  fiym)y supporting the operation of a nonadiabatic type of PET
expressed as process in systert .
T 3.3. Photoinduced Electron Transfer in lll. On the basis
AG (6) of the same methodology, we then focus on the spectroscopy
kg T and relaxation dynamics dfll . Because the elongation of

norbornadiene bridges causes a smaller D/A coupling constant,

where |He| involves an electron-coupling matrix element both rates of energy transfer and PETllin are expected to be
between LE and ET statesdenotes the reaction reorganization slower than that ofi . The viewpoint of the relatively slow PET
energy incorporating both nuclear (i.e., Franck Condon factor) rate inlll can be supported from the steady-state approach, in
and solvent reorganization energyG* andAG symbolize the which the F; band is obscure fdtl in diethyl ether (see Figure
reaction activation energy and free energy, respectively, with 7). Dynamically, we only resolved an exceedingly long lifetime
the relationshié\G* = (AG + 1)%41.13 One would thus expect  (~11.3 ns) for the Fband in diethyl ether. On the other hand,
In(ketT¥?) to be linearly dependent onTL/ PET inlll is apparently operative in Ci&l,, as supported by

In this approach, the temperature gradient was only varied the observation of dual emission and equivalent decay (1.0 ns)
from 300 to 200 K, so that a large change of solvent viscosity and rise (0.9 ns, see Table 1 and inset of Figure 7) components
could be preventeH.Figure 6 depicts the temperature-dependent for F; and F, bands, respectively. Note that, as shown in Figure
steady-state emission df in diethyl ether. Obviously, the 7 and Table 1, although the rate of PET fdr in CHsCN is
intensity ratio for k/F, as a function of temperature was faster than that in, for example, GEl,, the associated ET
irregular, which decreased as the temperature was decreasedmission is not resolvable. The dominant quenching of the
from 300 to 250 K, whereas it only underwent slight changes excited-state ET species by increasing the polar environment
at 250-200 K. The results indicated competitive pathways is not uncommon, especially in strong polar solvents such as
between dynamics and thermodynamics under an equilibrium CH3CN, alcohols, and water, where the ultrafast radiationless
condition. Such steady-state complexity becomes straightforwardtransition is generally observed for the ET emissioBramatic
in the relaxation dynamics shown in Table 1, in which the polarity effects for the nonradiative ET state (electron separated
observed fast decay component of thebBnd decreases upon form) — S (neutral form) back electron transfer have been
decreasing the temperature, accompanied by the increase of theeported in several systerfsin addition, as the local excitation
rise time of the i band. As shown in Table 1, the correlation (LE)-ET zero-order gap increases by increasing the solvent
between decay (ff and rise (k), within experimental error, is  polarity, the radiative decay rate of the ET band decreases

In(ke T3 = In Hel?| —

L|
(4mikg)
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Figure 7. Fluorescence spectra bf in diethyl ether @), acetonitrile
(a), and dichloromethaned). Inset: relaxation dynamics dfl in

dichloromethane monitored at (A) 330 nm, (B) 370 nm, and (C) 535
nm at 298 K.Aex ~ 270 nm.

400

accordingly due to the reduction in LE/ET interaction, and hence
a larger fraction of the forbidden transition. The strong solvent

dependence suggests that most of the radiative rate for the ET
species in moderately polar solvents seems to be due to LE-

ET-state mixing” The small radiative decay rate in combination
with the fast rate of the radiationless transition rationalizes the
lack of observing ET emission foll in CH3CN via the steady-
state approach.

In view of the energy transfer, as shown in Figure 7, one can
promptly perceive a very small but nonnegligible portion of
emission ¢320-340 nm; see gray circled area in Figure 7)
attributed to the OMe-NP emission, which is apparently missing
in systemll (see Figures 3 and 7 for comparison). We thus
were able to monitor the relaxation dynamics at the OMe-NP
band (e.g., 330 nm) and resolve a near response limited deca
time of 30—40 ps in all solvents studied (see Table 1 and inset
of Figure 7). Theoretically, one can use thérster type of

resonance energy transfer (eq 4) to estimate the energy-transfe

rate by plugginge andr to be —1/2 (the cosine of the angle
(~12C) of the transition dipole between D and A moieties)
and 13.9 A, respectively, faH . As a result, the energy-transfer
rate was estimated to be30 ps?, which is consistent with
that obtained from the time-resolved measurement.

We then focused on the temperature-dependent PET reactio
in CH,Cly, in which lll revealed dual emission (see Table 1
and Figure 7), and the decay of the lfand correlated very
well with the rise of the Fband at 298 K (see inset of Figure
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Figure 8. Temperature-dependent emission spectrdlofn dichlo-
romethane at 298 KI), 283 K @), 273 K (a), 263 K (¥), 253 K
(%), 243 K @), 233 K (0), 223 K (»), 213 K (v), 203 K (). Inset:
In(ketTY?) versus 1T for Il in CH,Cl,. A corresponding best linear fit
givesAG" and intercept to be 1.8 0.6 kcal/mol and 25.5, respectively.
Note that data points were collected every other 20 K in the range
283-203 K.
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8, the plot of InkT?) versus 1T reveals a sufficiently straight
line. Accordingly, theAG™ and intercept were deduced to be
1.3 £ 0.6 kcal/mol and 25.5, respectively. Because the equi-
librium is strongly in favor of the ET state in GBIy, it is not
feasible to extract thAG value experimentally. Alternatively,
AG was estimated to be-5.4 kcal/mol from eq 5, giving a
known Eqg (347 nm, 3.57 eV)Eox (1.4 V), Ereqd (—2.05 eV),
andr¢ (13.9 A). Accordingly,A was then deduced to be 13.9
kcal/mol. With a known intercept value of 25.5 ahd= 13.9
kcal/mol, |He| was then calculated to be 3.2 th

3.4. Theoretical Approach.Bearing theHe| value obtained

)jor Il (21.9 cnTh) andlll (3.2 cnT?) in mind, we then returned

to systeml with the aim of probing théH¢|. Qualitatively, the
strong D/A interaction inl can be viewed from the frontier
prbital analyses. Figure 9A reveals the TD-DFT/6-31G* ap-
proach on the HOMO and LUMO of systemmainly involved
in the lowest lying transition in the singlet manifold. As
expected, the HOMO and LUMO are ascribed to dimethoxy-
naphthalene and dicyanonaphthalene moieties, respectively. Note
that the rate of electron transfer should be governed by the
verlap of frontier orbitals between dimethoxynaphthalene
HOMO) and dicyanonaphthalene (LUMO). Evidently, a close
examination indicates that for both frontier orbitals, great
extension of the electron density was populated at the norbor-
nadiene bridge, resulting in a significant overlap between

7). Figure 8 shows the results of steady-state temperature-

dependent emission in GB,, in which the intensity of the £ dicyanonaphthalene and dimethoxynaphthalene and hence a

band increases as the temperature decreases from 283 to 20
K, indicating the retardation of PET at lower temperatures, and
that the PET foill in CH,CI, is a highly exergonic process.
Due to the irreversible as well as much slower PET process for
Il in CHCIy, eq 7 can be simplified to

Kops= Kis T Koo =k + k1) + ko) (8)
wherek; is the radiative decay rate of the lfand and,, denotes

the sum of all nonradiative decay rates |tf except forket
Due to the slovk,e(T), k: + kn(T) in eq 8 becomes comparable

@rge coupling constant. Quantitatively, on the basis of the
generalized Mulliker-Hush (GMH) theory® Cave and New-
ton® have developed the GMH formalism and expressied
ago

mAE;
el — 2 2
v (Awy)” + 4(my)

whereAE; is the energy gap between the initial adiabatic state
and the final oneAw; is the difference in dipole moment
between state i and state j, ang is the transition dipole

H

©)

and thus cannot be neglected. Throughout the temperature-moment connecting the two states. In this study, the transition
dependent studies, it is appropriate to use the observed decagnergy and the transition dipole moment were calculated by

rate of CN-NP only in each temperature to represent k.-
(T, so that the temperature-depend&ns; can be extracted
directly fromkops — k- — kn(T). As shown in the inset of Figure

TD-DFT with the 6-31G* basis set. The dipole moment of
excited states can be calculated by a finite field strategy (0.001
au for the field factor) according to Hellmanifreynman
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A

Figure 9. Calculated (A) frontier orbitals and (B) vectors of the associated dipole moment in both ground (11.5 D) and first singlet cited state (3.59
D) as well as the §— S; transition moment (0.11 D, enlarged 50 times in the figure) for compdund

theory?!in which the dipole moment is the analytic derivative faster than that oflll in the same solvent (see Table 1),
of the energy of the excited state with respect to an applied consistent with many bridge-distance-tuning PET formulistns.
electric field. Figure 9B depicts the calculated vectors of the  For systemsl andlll , values ofke; Show weak dependence
associated dipole moment in both the ground and the first singlet s 5 function of the solvent polarity. This is expected for a
excited state as well as the corresponding magnitudes. Accordingonward electron-transfer process, in which the generation of a
to eq 9,|He| was calculated to be 860 cthfor I, which is charge-separated state is from an initially neutral species. In
apparently much greater than the thermal energy at 298200 contrast, due to the generation of a neutral species via a charge-
cmY). This, n combination with experimentally resolved 21.9 - goharated state, dramatic polarity effects on the excited ET state
and 3.2 cm* for | andll, respectively, firmly supports the  _."g 'k electron-transfer rate and hence the quenching of
switching mechanism from the adiabatig (0 the nonadiabatic g qrescence of the ET emission are predicted. This has been
(I, IIl) electron-transfer process. shown as a lack of ET emission ftli in CH;CN due to the
exceedingly long radiative lifetime.

From the fundamental viewpoint, results should attract
In conclusion, a new series of dyads systems bearing p theoretical attention toward the differentiation between adiabatic

(dimethoxynaphthalene)/A (dicyanonaphthalene) derivatives and nonadiabatic electron transfer tuned by either subtle changes
render an excellent model to demonstratedHeond distance ~ ©Of the D/A distance or a strategic design of the D/A chro-
tuning electron-transfer process from an adiabalict¢ a mophores. It is worth noting that through the pulse radiolysis
nonadiabaticl{ andlll ) process. The tendency of the coupling ©0f a series of 1,4-dimethoxynaphthalene {D)idge-1,1-
magnitude is consistent with the experimental observation, in dicyanoethylene (A) systems, Paddon-Row and co-wotkérs
which systerr, owing to its strong D/A coupling|He| ~ 860 were able to differentiate the optical transfer from the thermal
cm™Y), essentially undergoes an adiabatic type of optical transfer, €lectron transfer in a semiquantitative manner. The correspond-
resulting in a unique charge-transfer emission being subject toing ultraweak electron-transfer emission, however, impedes
remarkable solvatochromism. Conversely, due to small elec- detailed investigation on spectroscopic and relaxation dynamics.
tronic coupling of{He| for systemdl (21.9 cnt?) andlll (3.2 For the current applied systems, the adiabatic, allowed transition
cm™1), a relatively much slower nonadiabatic electron transfer for | leads to an emission quantum yield of as large @1 in

(i.e., PET) takes place in systeithsandlll , giving rise to dual all the solvents studied (see Table 1). Moreover, the distinct
emission in certain polar solvents; in Il is apparently much dual emission idl andlll makes comprehensive temperature-

4, Conclusion
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dependent studies possible, and hence the electronic couplin
term has been precisely deduced. We thus present an excelle
model to clearly demonstrate the switch in the electron-transfer

reaction from adiabatic to nonadiabatic types.
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